Abstract: C 2 -dissymmetric PyOX-ligands have been applied to the asymmetric Henry reaction. This widely applicable reaction is easy to perform, requires no inert atmospheres or dry solvents, and gives good selectivities. By adjusting ligand side-chains, a significant impact on selectivities was observed.
INTRODUCTION
The Henry reaction, known for more than a century, has become one of the classic reactions of organic chemistry [1] . The Henry reaction is one of the many vital carbon-carbon bond forming reactions and its products offer valuable entries for further modifications, like reduction to amino alcohols, oxidation to nitroketones and elimination to nitroalkenes ( Fig. 1) . Formation of ketones from secondary nitro adducts via the Nef reaction can also be achieved with strong acids and bases [2] . In the 1990s, the dissymmetric PyOX-ligands gained interest for catalytic purposes. The motivation of using the PyOX-core was the suitable and differing electronic properties of the two nitrogen atoms and, even more interestingly, the C 2 -dissymmetry of the ligand that can give rise to two different metal complexes e.g. in Pd-catalysis [3] . Palladium is by far the most widely used catalyst metal with PyOXligands, even though the number of asymmetric reactions involving PyOX-ligands is quite small and the reports date back to the late 1990s [4] .
We now report the asymmetric Henry reaction as a new application of the PyOX-ligands. We chose the Henry *Address correspondence to this author at the Laboratory of Organic Chemistry, Helsinki University of Technology, PO Box 6100, FI-02015 TKK, Finland; Tel: +358 50 555 3310; Fax: +358 9 451 2538; E-mail: ari.koskinen@tkk.fi reaction as a target of interest because of its splendid modification features. As the protocol we chose to use copper (II) acetate as the catalyst metal salt because of its compatibility with bidentate N,N-ligands. Evans successfully used a similar protocol with C 2 -symmetric chiral BOX ligand [5] .
RESULTS AND DISCUSSION
We first decided to screen the effects of the substituents at the chiral 4-position of the oxazoline ring. According to our own studies and relevant literature [4b], these substituents are the major determinants of selectivity in asymmetric reactions. We performed selected test reactions according to the Evans procedure [5] with ligands 1-6 and selected the best adduct with respect to yield and selectivity (Fig. 2) . The best adduct so far (1) was then replaced with ligand 8 to screen the impact of substituents at the pyridine ring. This way we managed to uncover the most efficient ligand of this series. It was then in turn used for screening different electrophiles.
All of the ligands 1-8 were prepared from their corresponding amino alcohols, as presented retrosynthetically for the new oxazolines in Scheme 1.
To achieve facial selectivity in the attack of nitroalkane to the aldehyde, it is essential to form the six-membered intermolecular ring intermediate III (Scheme 2) and block one face of the ligand-metal-nitroalkane complex with substituent R so that the aldehyde selectively coordinates from the opposite face. Rather bulky R substituents on the oxazoline ring were thus an obvious choice for screening.
The most crucial step in performing this step was to form catalyst I in situ. The Henry reaction worked in our hands about equally fast in the absence of the ligand. To avoid the non-selective background reaction it is imperative to form the chiral catalyst before the addition of the electrophile. Thus, the ligand (1-8) and the copper salt were mixed at an elevated temperature for 1 h before adding the substrate [5] . The resulting catalyst solution was then cooled to room temperature before substrates were added. To achieve the intermediate III (Scheme 2), the aldehyde was first added to the catalyst solution, followed by slow addition of nitromethane. The mixture was then stirred either at room temperature or at elevated temperature, depending on the reaction rate. Monitoring of the progress was done by TLC (Scheme 3). The conversion and selectivity of all the reactions were determined by chiral HPLC. Calibration lines according to the Beer-Lambert law (A = f(c)) were made of all of the aldehydes used to determine the HPLC yields of the reactions. All reactions involving aromatic aldehydes ran cleanly without any by-products, but the cyclohexyl adduct gave a lower yield with the corresponding nitroalkene as a minor side product. Table 1 lists the results for reactions performed with p-nitrobenzaldehyde as the substrate, varying the chiral ligand.
All ligands gave complete conversion of the starting materials with similar reaction rates. As expected, decreasing the size of the substituents at the 4-position of the oxazoline (t-Bu to Bn to Ph, Table 1 , entries 1-3) decreased the enantioselectivity, and a benzhydryl group (entry 4) partly recovered the selectivity. Disubstitution of the oxazoline (entries 5 and 6) gave no better selectivities. Somewhat surprisingly, an electron withdrawing substituent on the pyridine ring gave a slightly improved selectivity (compare entries 2 and 7, and 1 and 8). The best ligand 8 was selected for further tests.
Having found the best ligand, we tested different aldehydes with ligand 8 in the Henry reaction ( Table 2) . The enantioselectivities and reactivities decreased as the electron withdrawal of the aldehyde substituents decreased. Even better selectivity can be achieved with the aliphatic cyclohexanecarbaldehyde (Entry 4), but the reaction rate becomes very low (even after prolonged reaction time, 48 h, and heating, the reaction did not go to completion).
In conclusion, we have screened a number of PyOXligand for the Henry reaction. A large substituent at the 4-position of the oxazoline is necessary for high enantioselectivity. Substitution at the 5-position of the oxazoline ring plays a much smaller role. An electron withdrawing group (ester) at the 5-position of the pyridine ring also slightly improves selectivity. These results give new insights for further development of more efficient (faster and more selective) ligands for Cu catalysed Henry reactions. Further results and applications in solid-supported reactions [10] will be reported in due course.
EXPERIMENTAL SECTION General Procedures
For the reactions, the following dried solvents were used: the THF was distilled over Na/benzophenone, the toluene over Na, the methanol over Mg(OMe) 2 
Preparation of Methyl Picolinyl Imidate (9)
Metallic sodium (300 mg, 13.0 mmol, 20 mol-%) was carefully dissolved in 50 mL MeOH. Picolinonitrile (6.96 g, 66.9 mmol, 100 mol-%) was dissolved in 20 mL toluene and added to the methoxide solution. After stirring for 2 h at rt, 
(S)-4-benzhydryl-2-(pyridin-2-yl)-4,5-dihydrooxazole (4)
Imidate 9 (70 mg, 0.51 mmol, 100 mol-%) was mixed neat with amino alcohol 10 (168 mg, 0.74 mmol, 140 mol-%) and set to 130 °C for 6 h. After cooling, the formed solid was dissolved in CH 2 Cl 2 and treated with 1 M aq. H 3 PO 4 . The aqueous phase was extracted twice with CH 2 Cl 2 , the extracts washed with water and dried over Na 2 SO 4 . The solid was recrystallized from CH 2 
(4R,5S)-4,5-diphenyl-2-(pyridin-2-yl)-4,5-dihydrooxazole (5)
Imidate 9 (78 mg, 0.57 mmol, 100 mol-%) was mixed neat with amino alcohol 11 (166 mg, 0.78 mmol, 140 mol-%) and set to 130°C for 17 h. After cooling, the formed solid was dissolved in CH 2 Cl 2 and treated with 1 M aq. H 3 PO 4 .
The aqueous phase was extracted twice with CH 2 Cl 2 , the extracts washed with water and dried over Na 2 SO 4 . The residue was purified by flash chromatography (EtOAc) and the solid was recrystallized from PhMe / hexane to yield 
(S)-methyl 6-(4-tert-butyl-4,5-dihydrooxazol-2-yl)nicotinate (8)
Acid 13 [12] (920 mg, 5.08 mmol, 100 mol-%) was suspended in 10 mL CH 2 Cl 2 and a solution of (S)-t-leucinol (592 mg, 5.05 mmol, 100 mol-%) in 5 mL CH 2 Cl 2 was added, followed by BOP (2.25 g, 5.09 mmol, 100 mol-%) and 5 mL CH 2 Cl 2 . The acidity was kept at pH = 9 using DIPEA. After 2.5 h, the reaction was quenched with 10 % aq. citric acid. The aqueous phase was extracted three times with CH 2 Cl 2 , the extracts washed with water and dried over Na 2 SO 4 . The residue was filtered through a pad of silica (50 % EtOAc / hexane) and the residual solid recrystallized from EtOAc / hexane to yield 12 (942 mg, 66%) as a white solid. The preceding product 12 (860 mg, 3.07 mmol, 100 mol-%) was dissolved in 10 mL CH 2 Cl 2 and 2.5 mL (17.9 mmol, 580 mol-%) of NEt 3 , followed by DMAP (77 mg, 0.63 mmol, 20 mol-%), were added. To this solution was added MsCl (0.67 mL, 8.63 mmol, 280 mol-%), causing a spontaneous boiling. Four minutes later, the reaction was complete and the crude mesylate was filtered through a pad of silica (50 % EtOAc / hexane) and evaporated to yield 1.11 g of an off-white crude product.
The crude mesylate (915 mg) was dissolved in 10 mL THF. DBU (0.57 mL, 3.81 mmol, 150 mol-% to the mesylate) was added and the mixture heated on a 50°C bath overnight. The reaction was quenched with 10 % aq. citric acid. The aqueous phase was extracted three times with CH 2 Cl 2 , the extracts washed with water and dried over Na 2 
Preparation of -nitroalcohols (Henry reaction), general procedure
The chiral PyOX-ligand L* (e.g. Entry 8, Table 1 : 6.5 mg, 25 μmol, 12 mol-%) and Cu(OAc) 2 (3.8 mg, 19 μmol, 10 mol-%) were dissolved in 1.5 mL EtOH. This light blue solution was heated on a 70°C bath for 1 h and then cooled to rt. Usually a colour change to greenish was observed during this time. The desired aldehyde (199 μmol, 100 mol-%) of the desired aldehyde was added, followed (after 10 min) by a slow addition of 110 μl (2.05 mmol, 1000 mol-%) nitromethane. The reaction was followed by TLC until complete conversion was reached after 20 h. The mixture was filtered through a pad of silica and analyzed by chiral HPLC (yield and selectivity given below). % IPA / hexane, 1.0 mL / min, 220 nm) [13] ; t R (R) = 16.9 min; t R (S) = 20.7 min; Enantiomeric excess of 64 % (S) was obtained.
Data for 2-nitro-1-(4-nitrophenyl)ethanol (
Data for 2-nitro-1-(4-methoxyphenyl)ethanol (Table 2 
